Introduction
The various neurological complications associated with HIV-1 infection, specifically HIV-associated neurocognitive disorders (HAND), remain to be a severe clinical problem for individuals infected with HIV-1, which persists as a major public health burden worldwide (Spudich and GonzalezScarano 2012) . Despite the widespread use of anti-retroviral therapy, the prevalence of HAND is significantly high. It is widely accepted that HAND results from the direct effect of HIV-1 infection as well as secondary effects of HIV-1-induced immune reaction and inflammatory response (Letendre 2011) . However, our current understanding of the pathogenesis of HAND remains unclear and requires extensive investigation. Considering the current limitations in treatment and the inability to eradicate HIV-1 infection, latency and persistence of viral infection are likely to represent big challenges for the foreseeable future.
Complement, a critical mediator of innate and acquired immunity, plays important roles in defeating many viral infections by the formation of a lytic pore or indirectly by opsonization and recruitment of phagocytes (Datta and Rappaport 2006) and also contributes to the pathogenesis of many chronic immune and inflammatory diseases including autoimmune diseases, atherosclerosis ), aneurysm , and nonviral-related neurological disorders, such as Alzheimer's disease (Eikelenboom et al. 1989 ), multiple sclerosis (Rus et al. 2005 ), Huntington's disease (Dalrymple et al. 2007) , etc. Although the role of complement in the pathogenesis of HIV-1 infection and HAND development has been previously recognized for over 15 years, it has been largely underestimated thus far. Recent clinical and experimental evidence further indicates that complement may participate in the development of HIV-1 infections and HAND development. In addition, the urgent need for understanding the role of innate immunity including complement in HIV-1 infection is specifically highlighted by the facts that (1) results from large-scale clinical trials of both antibody-and T cell-targeted immunogens have given largely disappointing outcomes and (2) although some short-lived protection was observed in the most recent phase III HIV vaccine trial (Rerks-Ngarm et al. 2009 ) and the rapid killing effect was found in rhesus macaques chronically infected with the R5 tropic simian-human immunodeficiency virus (SHIV) with antibody-mediated immunotherapy (Shingai et al. 2013) , the mechanism(s) of these protections are poorly understood (Borrow et al. 2010) . Therefore, it is imperative to further understand the role of innate immunity such as the complement system in the pathogenesis of HIV-1 infection and HIVrelated complications including HAND for the development of novel approaches of HIV-1 prevention and treatment. Here, we will discuss (1) the complement system, (2) the role of complement in HIV-1 infection, (3) the potential role of complement in HAND, and (4) novel therapeutic approaches for eradication of HIV-1 infection for the treatment of HIV-1-related complications including HAND.
Complement activation and complement regulation
Complement system The complement system, an important effector of both innate and acquired immunity, consists of more than 30 components and complement regulators and functions as the first line of defense against invading pathogens. Depending on different activators, complement activation occurs through three distinct pathways: classical, alternative, and MBL pathways in plasma or on the pathogen surface ( Fig. 1 ). All three of these pathways merge to induce the activation and cleavage of C3, a critical component that triggers the formation of the terminal membrane attack complex (MAC) Zhou et al. 2008) .
The classical pathway is activated by binding of the Fc portion of antigen-bound antibody to C1, which results in the formation of an active C1 complex. Then the C1 complex can recruit and cleave C4 and C2, generating inactive fragments (C4a and C2b) and C3 convertase C4bC2a, which cleaves C3 into C3a and C3b (Fig. 1) . The formation of C3 convertase C4bC2a is also involved in the MBL pathway (Morgan and Gasque 1997) . Different from the classical pathway, the MBL pathway targets pathogenic molecules by the MBL protein family and ficolins, which recognize and bind to carbohydrate ligands located on the surface of pathogens, such as viruses, bacteria, and fungi. The MBL-associated serine proteases (MASPs) are then activated, which cleave C4 and C2 to generate C4bC2a (Fig. 1) . Unlike the classical and MBL pathways which are activated via recognition of pathogens, activation of the alternative pathway relies on C3(H 2 O), the spontaneous hydrolysis of C3, which constitutively exists at low levels and behaves similar to C3b. C3(H 2 O) binds to factor B (FB), and then serves as a substrate for the serine protease factor D (FD), resulting in the cleavage of FB by FD and formation of C3(H 2 O)Bb, which acts as C4bC2a (Fig. 1) . Either C4bC2a or C3bBb can cleave C3 into anaphylatoxin C3a and active C3b. Furthermore, active C3b forms C5 convertase such as the C4bC2bC3b from the classical and MBL pathways and (C3b)2Fbb from an alternative pathway. The C5 convertase then cleaves C5 to form C5b, and C5a, another anaphylatoxin. The terminal complement activation pathway is induced initially by C5b, followed by the sequential condensation of the C6 form to C5b6, and then C7, C8, and C9. Polymerization of C9 bound to the C5b-8 complex forms the MAC, an end-product of the complement activation pathways (Fig. 1) . The MAC forms a lytic pore in the lipid bilayer membrane that allows the free passage of solutes and water across the membrane and destroys membrane integrity, followed by killing of foreign pathogens and cells ( Fig. 1 ) (Mayer 1984) .
Furthermore, the byproducts produced in complement activation, such as C1q, C3b, iC3b, and C4b, are critical opsonins for host defense against pathogens and for the disposal of immune complexes and dead cellular debris by the phagocytosis/lysis effect of the immune cells (macrophages, neutrophils, natural killer (NK) cells, etc.) through their surface receptors binding to these byproducts. For instance, the small fragment byproducts such as C5a, an anaphylatoxins, also play an important role in inflammation and especially in host defense against parasites (Rees-Roberts et al. 2010; Mosser and Brittingham 1997) . These anaphylatoxins can cause mast cell and basophil degranulation, with the release of histamine and other substances that increase vascular permeability and stimulate smooth muscle constriction. C3a and C5a are potent leukocyte chemoattractants, which can also activate these immune effector cells by binding to cell surface receptors (Haas and van Strijp 2007) . Among these anaphylatoxins, C5a has the most potent biological activity (Guo and Ward 2005) .
Complement proteins are mainly synthesized by hepatocytes in the liver and the liver accounts for 80∼90 % of plasma complement components and their soluble regulators (Qin and Gao 2006) . Many other nonhepatic cells including macrophages, endothelial cells, neutrophils, and lymphocytes also produce complement proteins. Local synthesis of complement also occurs in the brain, heart, lung, joints, intestines, skeletal muscle, and bone marrow (Morgan and Gasque 1997) . Specifically in the brain, under normal condition, complement levels are much lower than in the plasma. However, as discussed below, complement production may be significantly increased in the brain in inflammatory conditions such as HIV-1 infection of the brain or during abnormal immune responses such as in individuals with autoimmune diseases. The local production of complement in tissues may also play a critical role in disease pathogenesis. Indeed, the absence of locally synthesized complement component C3 is capable of modulating the rejection of renal allografts in vivo and regulating T cell responses in vivo and in vitro (Pratt et al. 2002) .
Complement regulation To protect the host from complement attack, a variety of plasma and membrane-bound proteins participate in the regulation of complement activation ( Fig. 1) (Morgan 1999) . In plasma, factor I (fI) plays an important role in the control of active C3b by the cleavage of C3b into inactive iC3b and C3d. This function of fI requires cofactor activity such as factor H (fH), a soluble regulatory protein that also decreases the stability of C3bBb and competes with FB in binding to C3b. C4-binding protein is another cofactor of fI, which promotes the cleavage of C4b. Moreover, a C1 inhibitor, also termed SERPING1, inactivates C1r, C1s, and MASPs by irreversible binding at the very beginning of the classical and MBL pathways Zhou et al. 2008) . Membrane-bound regulators include membrane cofactor protein (MCP/CD46), decay-accelerating factor (DAF/ CD55), and complement receptor 1 (CR 1). MCP protects those cells by functioning as cofactor of fI (Brodbeck et al. 2000) . DAF dissociates C4bC2a generated in the classical and MBL pathways (Davitz et al. 1986; Medof et al. 1987; Nicholson-Weller et al. 1985) , whereas CR1 interacts with C3b as a cofactor of fI and decays the activity of C3 convertase. CD59, a membrane-bound regulator, is a key regulator of MAC formation. It inhibits the association of C9 and C5b-8, which suppresses the polymerization of C9, namely MAC formation (Sugita et al. 1989) .
Of note, extensive evidence obtained from knockout mice deficient in these complement regulators and humans with genetic mutations of the complement regulators indicates that CD59 is much more relevant than DAF, MCP, and other complement regulators in protecting cells from MAC formation and MAC-induced phenomena (Fisicaro et al. 2000) . Of note, the CD59 knockout mouse exhibits paroxysmal nocturnal hemoglobinuria (PNH), a complement-mediated hemolytic disease due to the deficiency of complement regulators such as CD59 and DAF. Not only does the CD59 knockout mouse exhibit a full PNH-like anemia, but it also exhibits progressive loss of male fertility (Holt et al. 2001; Qin et al. 2003 Qin et al. , 2009 ). Nevo et al. (2013) published five patients of North-African Jewish origin from four unrelated families and reported that a Cys89Tyr genetic mutation in CD59 is associated with a failure of proper localization of the CD59 protein on the cell surface (Nevo et al. 2013 ). This mutation is manifested clinically in infancy by chronic hemolysis and relapsing peripheral demyelinating disease. Importantly, four patients remain alive and the oldest one is 5 years of age at the time of publication (Nevo et al. 2013) , which indicates that this complete loss of function mutation does not cause early death. The findings in this recent paper are comparable to those from an index case report from Japan describing a man who had a global deficiency of hCD59 due to single nucleotide deletions in the CD59 gene, which placed the gene product out of frame and introduced a premature stop codon (Yamashina et al. 1990 ). This subject expressed a severe PNH phenotype from the unusually young age of 13 and also had a stroke that left him with permanent neurological damage (Yamashina et al. 1990) . By contrast, an isolated deficiency of DAF has been described in four families that had an unusual blood group phenotype termed Inab (Lin et al. 1988; Telen and Green 1989) . Although DAF was completely absent from all circulating cells (Reid et al. 1991) , none of the propositi had symptoms suggestive of PNH. In addition, an mDAF knockout mouse did not show any evidence of intravascular hemolysis (Sun et al. 1999) . Moreover, although the role of Sprotein as an inhibitor of MAC formation in tissues has been suggested, the S-protein knockout mouse did not show any detectable phenotype and instead developed normally and was fully fertile (Zheng et al. 1995) . This indicates that, at least in mice, the S-protein is not essential for survival nor does it play a major role in restricting complement activation or MAC formation.
The delicate balance between complement activation and regulation There is a delicate balance between complement activation and regulation on autologous cells, which is subject to perturbation by either increased complement activation or decreased regulation. The perturbation may cause a variety of immune diseases and chronic diseases . It is very likely that this delicate balance between complement activity and regulation varies in tissues because of differential expression of complement regulatory proteins and focal activation of complement proteins (Acosta et al. 2004 ). Indeed, extensive study has shown an offset balance between complement activation and complement regulation, which contributes to the pathogenesis of inflammatory or immune diseases, such as systemic lupus erythematosus (Abe et al. 1998) , rheumatoid arthritis (Breitner et al. 1995 ), Alzheimer's disease (Gasque et al. 1995) , atherosclerosis ), aneurysm (Martinez-Pinna et al. 2013 Wu et al. 2010; Zhou et al. 2012) , and acute renal transplant rejection (Pratt et al. 2002) . In the case of the progression of HIV-1 infection, there may be a delicate balance between complement activation and regulation in HIV-1 particles and HIV-1-infected cells, which may contribute to the development of latency and persistence of HIV-1 infection in acute and chronic stages of the infection Humbert and Dietrich 2006; Saifuddin et al. 1995; Schmitz et al. 1995) . However, in the case of the development of HAND, there may be an offset balance between complement activation and regulation, which may contribute to the neuronal damage in the response to HIV-1 infection as discussed below.
Complement activation in HIV infection
Complement activation initiated by HIV-1 envelope proteins and MBL As a central effector of the innate immune system, the complement system plays an important role in the protection against viral infection. As early as the 1970s, human serum was found to have the ability to inactivate and lyse a number of RNA tumor viruses in a complement-dependent manner, but no antibody activity was found to play a role in this event Welsh et al. 1975 Welsh et al. , 1976 . In the case of HIV-1, studies have shown that HIV-1 infection also can directly activate the complement system but that HIV-1 virions are themselves resistant to complement-mediated lysis. After crossing the mucosal surface, the direct binding of the HIV-1 surface protein, gp41, to C1q was reported to be responsible for activation of the classical complement pathway (Ebenbichler et al. 1991; Spear et al. 1991) . Meanwhile, gp120, another HIV-1 envelope protein, can also activate complement in an antibody-dependent manner via classical pathway (Susal et al. 1994 ). In addition, activation of the MBL pathway can be triggered by the binding of gp120 and MBL (Saifuddin et al. 2000) . As a result, complement activation initiated by gp41 and gp120 or MBL occurs at a very early stage of HIV-1 infection even without HIV-1-specific antibodies. Plasma MBL in the circulation plays an important role in innate immunity by binding to carbohydrates on microorganisms including HIV-1. MBL binds to HIV-1 envelope proteins, i.e., gp120 and gp41, which activates complement activation (Ezekowitz et al. 1989; Haurum et al. 1993; Saifuddin et al. 2000) . This complement activation initiated by the lectin pathway affects the clearance of HIV-1 from the blood, mediates uptake by tissue macrophage (Ying et al. 2004) , directly neutralizes HIV-1 (Ezekowitz et al. 1989) , and enhances antibody-mediated neutralization (Hart et al. 2003; Ying et al. 2004) .
In support of this notion, recent genetic evidence indicates that MBL deficiency is associated with an increased risk of vertical HIV-1 transmission (Mangano et al. 2008) , and the association between HIV-1 disease progression and MBL deficiency is most pronounced in children less than 2 years of age, probably due to immaturity of their adaptive immunity (Israels et al. 2012) . Three genetic studies of Chinese populations have demonstrated that MBL deficiencies are associated with increased susceptibility to HIV-1 infection and disease progression (Sheng et al. 2010; Tan et al. 2009; Li et al. 2013) and serum circulating levels of normal MBL in HIV-1-infected patients could be an important auxiliary biological marker in association with CD4(+) T cell counts in the evaluation of HIV-1 disease progression (Tan et al. 2009 ). These findings are consistent with studies previously conducted by Dzwonek et al. (2006) in the UK (Dzwonek et al. 2006) . Furthermore, the results from a study among a North Indian population also suggest that homozygosity for the codon 54 allele within exon 1 of the MBL-2 gene, which is associated with low MBL production correlates with increased susceptibility to HIV-1 infection in the studied population (Chatterjee et al. 2011) . Taken together, emerging evidence strongly supports a role for MBL in HIV-1 infection and even in disease progression. However, how MBL participates in disease progression and whether MBL can be utilized as a therapeutic target for the treatment of HIV-1 infection and prevention of disease progression still require further investigation.
Complement activation initiated by anti-HIV-1 antibodies After seroconversion, HIV-1-specific antibodies further facilitate activation of complement by binding to HIV-1 particles (Prohaszka et al. 1995; Stoiber et al. 2001) . Antibody responses to HIV-1 are generally vigorous at all stages of viral infection (Huber and Trkola 2007; Morris 2002) . Within a few weeks of infection, antibodies against the viral envelope (gp120 and gp41), core (Gag), and matrix (p17) become detectable in the plasma of HIV-1-positive individuals (Aasa-Chapman et al. 2004; Belec et al. 1995; Binley et al. 1997; Pellegrin et al. 1996; Pincus et al. 1994; Richman et al. 2003) . Antibody levels mount in response to the gradual increase in viral load and appear to be maintained at high levels throughout the disease (Humbert and Dietrich 2006) . Why does such a vigorous and sustained antibody response fail to play its role in the containment of HIV-1 replication and cytotoxicity? It is currently believed that only a fraction of the elicited antibodies bear neutralizing activity, which is not sufficient to prevent the initiation of HIV-1 infection by blocking viral attachment to its CD4 receptor (Huber and Trkola 2007) .
Furthermore, recent comparative studies on the immune responsiveness of HIV-1-and HIV-2-infected hosts have revealed that antibodies binding to HIV-2 structures facilitate the more efficient use of complement through activating the classical pathway than antibodies binding to HIV-1 and therefore may be one factor contributing to the strong antiviral activity elicited by HIV-2,but not HIV-1 (Ozkaya Sahin et al. 2013) .
Nevertheless, several HIV-specific antibodies that can activate complement system have been described, including both neutralizing antibodies and non-neutralizing (Spear et al. 1993; Gregersen et al. 1990; Huber and Trkola 2007; Pantophlet and Burton 2006) . Huber et al. (2006) found that antibody-mediated complement virolysis develops rapidly and effectively in the early course of HIV-1 infection. Several reports have demonstrated complement-mediated virolysis occurs in vivo and complement can also augment the effect of neutralizing antibodies both in vivo and in vitro (Gauduin et al. 1997; Posner et al. 1992) . Serum from uninfected C1q-or C3-deficient individuals used as source of complement do not exhibit any anti-HIV-1 activity, suggesting that the classical pathway dominates the complementmediated virolysis (Prohaszka et al. 1995; Aasa-Chapman et al. 2005) . Although the complement system is strongly activated by HIV-1 infection, free virus is surprisingly resistant to complement-mediated virolysis (Stoiber et al. 1997 ). This may depend on the expression of complement regulatory proteins such as CD46, CD59, and CD55 on infected cells (Montefiori et al. 1994; Saifuddin et al. 1995; Schmitz et al. 1995) . Indeed, we have demonstrated that the inhibition of human CD59 activation in the HIV-1 envelope unleashed the capacity of anti-HIV-1 antibodies from HIV-1 infection patients at different stages of infections to induce complementmediated virolysis of HIV-1 particles ).
C o m p l e m e n t -m e d i a t e d e n h a n c e m e n t o f H I V-1 infection Conversely, complement activation itself also presents opportunities for enhancement of HIV-1 infection. Szabo et al. (1999) found a strong association between the extent of complement-mediated antibody-dependent enhancement of HIV-1 infection and plasma viral load in HIV-1 patients during a 17-month observation period. These findings provide clinical evidence supporting the notion that complement-mediated antibody-dependent enhancement correlates with HIV-1 replication in vivo and contributes to the progression of HIV-1 disease. The first event involved is the opsonization of virus with fragments produced by complement activation, such as C3 fragments and C5a (Pruenster et al. 2005; Stoiber et al. 2008b) . Deposition of these fragments on the surface of the viron can result in enhanced interaction between HIV-1 and CR-positive cells. For CRpositive but CD4 and chemokine receptor-negative cells like B cells and erythrocytes, HIV-1 can only attach to their surface via CRs but cannot productively infect these cells, which can lead to further trafficking of the virus to other tissues and permissive cells. However, cells positive for both CRs and CD4, such as CD4+ T cells, will be infected directly . Several lines of independent evidence indicate that CD4-gp120, C3d-CR2, iC3b-CR3, and gp41-CD3 interactions may facilitate viral transmission and replication (Lund et al. 1995; June et al. 1991; Reisinger et al. 1990 ). Stimulating CR1 and CR3 with monoclonal antibodies or C3 fragments results in the augmentation of viral replication in infected monocytes, accompanied by NF-kB translocation (Thieblemont et al. 1995; Griffin et al. 1991) . In addition to the interaction between virus-bound C3 fragments and CR2 present on the target cells, which contributes to the complement-mediated enhancing effect for HIV-1 infection, fixation of C1q to intact virions also resulted in enhanced productive HIV-1 infection in an MT-4 cell culture model (Prohaszka et al. 1997) . Complement-enhanced loading and infection was also observed in monocyte-derived DCs, believed to play a major role in the transmission of HIV-1 to CD4+ T cells (Bajtay et al. 2004; Pruenster et al. 2005) . In addition to opsonization, anaphylatoxins C3a and C5a generated by cleavage of C3 and C5 can induce inflammation, recruit DCs and macrophages for HIV-1 infection at an early stage, and facilitate cellular adhesion. An increase of TNFalpha and interleukin 6 (IL-6) has been reported in the presence of C5a and its metabolite, C5adesArg. Both TNF-alpha and IL-6 are responsible for promoting HIV-1 infection and replication. Inhibition of C5aR dramatically reversed the enhancement of HIV-1 infection induced by C5a and C5adesArg .
Complement regulators present in HIV-1 and SIV envelopes escapes complement attack HIV-1 virions escape complement-mediated attack and remain highly infective, even though both the HIV-1 envelope proteins, through binding of gp120/gp41 and MBL, and anti-HIV-1 antibodies in the blood of HIV-1-infected individuals are capable of activating the complement cascades as discussed above (Fig. 2 ) (Ebenbichler et al. 1991; Stoiber et al. 2003) . Indeed, HIV-1 virions from infected individuals accumulate C3 on their surface, an indication of complement activation, but HIV-1 virions have long been recognized to be very resistant to lysis by complement attack (Fig. 2) (Stoiber et al. 2008a ). Interestingly, all other mammalian RNA viruses tested thus far can be inactivated by complement-mediated lysis using human serum . Furthermore, opsonization of HIV-1 with C3 enhances its infectivity by facilitating the interaction of HIV-1 viral particles with complement-receptorpositive cells, such as monocytes/macrophage and dendritic cells ). This experimental and clinical evidence indicates that MAC pores are not completely formed in the case of HIV-1 infection, leading to viral escape (Fig. 2) .
The underlying mechanism of viral escape is due at least in part to the presence of regulators of complement activation such as CD59 and CD55 in the viral envelope, which the virus recruits from the host cell in the budding process (Fig. 2) Saifuddin et al. 1995; Schmitz et al. 1995) . Additionally, binding of the fluid phase complement regulator fH to HIV-1 provides the virus further protection from complement attack . The presence of complement regulators such as CD59 on the external surface of the viral envelope provides resistance to MAC-mediated lytic effects, which may explain why certain human pathogenic viruses are not neutralized by complement in human fluids even when they induce a strong antibody response. Indeed, the deficiency or inhibition of hCD59 on the surface of either the viral envelope or the infected cell membrane sensitizes them to the lytic effect of complement (Fig. 2 ) (Saifuddin et al. 1995 (Saifuddin et al. , 1997 Schmitz et al. 1995) . These results were further confirmed by our recent finding that inhibition of human CD59 activity by a novel anti-hCD59 inhibitor sensitizes the anti-HIV-1 antibodies from different HIV-1-infected patients to lyse either experimental HIV-1 particles or primary HIV-1 particles isolated from patients at different stages of HIV-1 infection through MAC-mediated lytic effect .
Consistent with this observation, simian immunodefficiency virus (SIV) can also hijack CD46, CD55, and CD59 from infected cells and incorporate these proteins into its envelope. Montefiori et al. in 1994 demonstrated that CD46, CD55, and CD59 are common surface constituents of both HIV-1 and SIV (Montefiori et al. 1994) . The presence of these proteins within the SIV envelope may also provide one of the major mechanisms for SIV to escape immune attack from complementmediated virolysis activated by the classical pathway such as anti-SIV antibodies and the lectin pathway such as MBL (Montefiori et al. 1994) .
In summary, although HIV-1 envelope proteins, MBL and anti-HIV-1 antibodies are able to initiate complement activation of HIV-1 particles and HIV-1-infected cells during the course of disease progression, this complement activation fails to clear and eradicate HIV-1 from infected cells and from the circulation due to the presence of complement regulators including CD59 within the HIV-1 envelope and on HIV-1-infected cells. Instead, HIV-1 takes advantages of complement activation to utilize complement byproducts and interact with complement receptors on circulating cells for spreading and enhancing HIV-1 infection. These findings clearly indicate that there may be a delicate balance between complement activation and regulation within HIV-1 particles and HIV-1-infected cells, which may contribute to the pathogenesis of HIV-1 infection. However, the exact role of the complement system in HIV-1 infection remains unclear. Therefore, it is imperative to further investigate how exactly this balance contributes to the development of HIV-1 infection including viral latency and persistence in order to develop novel and effective approaches to maximize the utilization of innate and adaptive immunities for the eradication of HIV-1 infection and the treatment of AIDS-related neurodegenerative diseases such as HAND.
Complement in AIDS-related neurodegenerative diseases such as HAND
HAND is the result of neural damage caused by HIV-1 replication and immune activation (Letendre 2011) . In the course of HAND, HIV-1 may cross the blood-brain barrier (BBB) primarily through monocytes or lymphocytes at the early stage of infection and can persist in the central nervous system (CNS) without symptom for many years (Fig. 3) . After crossing the BBB, HIV-1-infected monocytes become macrophages. Activated macrophages and resident microglia can replicate HIV-1 and express neurotoxic molecules that can activate astrocytes and other cells (Letendre 2011) . Astrocytes are an important component of the BBB by surrounding brain microvascular endothelial cells. After infection or activation, astrocytes increase BBB permeability, which could promote the migration of monocytes and lymphocytes, thereby mediating neuronal injury, the proximal biological event underpinning clinical neurological and cognitive disease (HAND) (Fig. 3) (Letendre 2011) . In turn, HIV-1-infected cells have gradually come to be recognized as a major source of the latent virus and persistence of HIV-1 infection. However, the exact pathogenesis of HAND due to neuronal loss and injury remains unclear. There is increasing clinical and experimental evidence indicating the critical role of complement, a critical mediator of innate and acquired immunity in the pathogenesis of HAND.
Induction of complement component synthesis in brain cells by HIV-1
The liver is the primary organ to synthesize plasma complement proteins (Qin and Gao 2006) . In normal conditions, it is difficult for plasma complement proteins to reach CNS tissues in the presence of an intact BBB. Therefore, local complement production in response to abnormal insults such as foreign pathogens in the brain may be even more important for the pathogenesis of neurodegenerative diseases than it is in other tissues. Nearly all complement components and regulators can be locally produced in the brain although levels of complement in the normal brain are typically low (Speth et al. 2002a . Different cells of the brains have varying sensitivity to the effects of complement attack, which may be due to the level of complement regulators in the respective cell type (Speth et al. 2002a ). For example, neurons and neuroblastoma cell lines are rapidly lysed due to the formation of the MAC on their membranes, as they express low levels of most complement inhibitors (CD59, MCP, C1-INH, and fH) and lack DAF (Speth et al. 2002a ). However, other brain cells such as astrocytes and microglia are relatively resistant to MAC lytic effects, as they express higher levels of complement regulators such as CD59, MCP, and DAF than neuronal cells (Speth et al. 2002a) .
By contrast, when HIV-1 infects brain cells, it induces the production of complement components in infected cells and increases complement deposition in the CNS. Incubation of Fig. 2 Roles of complement in the pathogenesis of HIV-1 infection, and novel approach for inhibition of complement regulators including CD59 with its inhibitor, ILYd4 (domain 4 of intermedilysin). MBL mannosebinding lectin, MAC,membrane attack complex, Abs antibodies different astrocytic cell lines and primary astrocytes with HIV-1 induced a marked upregulation (about tenfold increase) of the expression of the complement factors C2 and C3 both at the mRNA level and as secreted proteins in cell culture supernatants . The synthesis of other secreted factors such as C1q, C4, C5, C7, and C9 or membranebound complement regulators such as CD55, CD59, and CD46 were not found to be altered . Importantly, the C3 protein secreted after incubation of the cells with HIV-1 was shown to be biologically active as it could participate in the complement cascade ). The underlying mechanism by which HIV-1 induces the upregulation of C3 expression in brain astrocytes is mainly related to adenylate cyclase activation with upregulation of cyclic AMP. In addition to whole HIV-1 virions, the purified viral proteins Nef and gp41 are biologically active in upregulating C3, whereas Tat, gp120, and gp160 were not able to modulate C3 synthesis . Consistently, neurons were also able to respond upon incubation with HIV-1 with increased C3 synthesis (Speth et al. 2002b) . Further promoter mapping analysis of C3 defined the IL-6/IL-1beta-responsive element in the promoter of C3 as a central element in response to HIV-1 exposure (Bruder et al. 2004 ).
Downregulation of the complement regulator, CD59, in human neuronal and glial cell lines treated with HIV-1 gp41 peptides In addition to increased complement component synthesis in response to HIV-1 infection, downregulation of the complement regulator, CD59, has been demonstrated previously. Chong and Lee (2000) demonstrated that an immunodominant gp41 peptide (ID, aa 598-613) as well as a recombinant gp41 protein encompassing this domain markedly reduced CD59 expression on the surface of both human neuronal and glial cell lines at either the mRNA or the protein level in a dose-dependent manner while p24 and control peptide had little effect (Chong and Lee 2000) . It would be very interesting to further investigate whether increased complement activation and downregulation of complement regulators in these cells also occurs in vivo and whether these events would break the delicate balance between complement activation and regulation, thereby participating in the pathogenesis of neuroAIDS.
Complement components in infected CNS tissues Consistently, clinical and experimental results obtained from HIV-1-infected patients and SIV-infected monkeys have shown increased complement deposition and complement activation products in HIV-1-or SIV-infected CNS tissues and cerebrospinal fluid (CSF). The National NeuroAIDS Tissue Consortium (NNTC) performed a brain gene expression array to elucidate pathophysiology of HIV-1-associated neurocognitive disorders (Gelman et al. 2012 ). Gelman et al. analyzed the global gene profiles of neocortex, white matter, and neostriatum among HIV-1-infected subjects with no substantial neurocognitive impairment (NCI), with substantial NCI without HIV-1 encephalitis (HIVE), and those with substantial NCI and HIVE in comparison with uninfected controls. They demonstrated that HIV-1 RNA loads in brain tissue were three log (10) units higher in patients with HIVE than other groups and over 1,900 gene probes were regulated. Complement components were strongly upregulated in the neostriatum of the HIVE group. These results provide direct clinical evidence supporting the role of complement in the pathogenesis of HIV-1-related CNS disorders. In support of this observation, using immunohistochemical staining, Speth et al. analyzed the synthesis of complement in the brains of SIV-infected rhesus macaques and documented that the cerebral synthesis of complement factors C1q and C3 was strongly upregulated in SIV-infected monkeys compared with the spontaneous synthesis in uninfected control monkeys ). Astrocytes, neurons, microglia, infiltrating macrophages, and multinuclear giant cells, all contributed to the high amounts of C1q and C3 observed in the brain. C1q and C3 were not only present intracellularly but also secreted as enhanced extracellular tissue staining was visible in the brains of the SIV-infected monkeys. The secreted C1q and C3 deposited on the membrane of neurons could contribute to neuronal damage through increasing the formation of membrane-driven lytic MAC attack ).
Complement components in the CSF The results regarding increased complement deposition in the CNS tissues of HIVinfected patients and SIV-infected monkeys are consistent with a previous report that the level of C3 is increased in the CSF of patients with HIV-1-infection and signs of CNS dysfunction compared with the CSF of uninfected persons (Jongen et al. 2000) . Jongen et al. (2000) found that CSF from patients with CNS dysfunction associated with HIV-1 infections had a higher level of mean C3 and C4 index values (index values: CSF/serum ratio for C3 and C4) and C3 and C4 concentrations than the patients without any evident CNS diseases and HIV infection. This finding suggests that intrathecal C3 and C4 production is upregulated in the CNS of HIV-1-infected patients. Consistent with this notion, Reboul et al. demonstrated that intrathecal production of C4 was found frequently and was highly correlated with increased serum C4 though intrathecal C3 levels were decreased in most of the HIV-1 patients with CNS dysfunction. This finding further indicates that complement activation is a frequent accompaniment of the intrathecal immune response in HIV-1-positive patients. They further demonstrated that intrathecal anti-HIV-1 antibody synthesis was not correlated with clinical severity or neurological involvement (Reboul et al. 1989) . Furthermore, CSF from the patients with multiple sclerosis and CNS dysfunction associated with systemic lupus erythematosus, in which complement plays a predominant role, had abnormal level of complement components in the CSF. For instance, there was a significant increase in the levels of C3, C4, or soluble MAC in CSF from patients with CNS involvement in systemic lupus erythematosus and with multiple sclerosis compared with controls (Jongen et al. 2000; Sanders et al. 1986 Sanders et al. , 1987 .
However, Rozek et al. (2007) found that C3 was downregulated in CSF from HIV-1-infected people with HAND compared with HIV-1-infected people without HAND. Decreased levels of C3 in the CSF may result from complement activation in the CNS associated with HIV-1 infections. The level of C3 changes may reflect the different stages of CNS disease progression in infected individuals.
MBL and neurosAIDS
As discussed above, activation of complement through MBL leads to pathogen opsonization and phagocytosis and MBL deficiency is linked to HIV transmission and disease progression. The role of complement in the pathogenesis of neurosAIDS has also been supported by HIV-1 patients with a genetic deficiency in MBL. MBL2-O/O genotypes, which result in lower expression of MBL, have been demonstrated to be associated with more rapid HIV-1-related disease progression, including CNS impairment, predominantly in children younger than 2 years (Singh et al. 2008) . In a retrospective study utilizing archived postmortem brain tissues, Singh et al. (2011) further demonstrated that (1) MBL was expressed in neurons, astrocytes, microglia, and oligodendrocytes of the frontal cortex of the HIV-1-infected brain, (2) there were 30 % to 40 % more MBLpositive brain cells in HIVE vs non-HIVE cases (P=0.01, paired t test), (3) there was increased MBL expression in the neuronal axons of HIVE cases, and 4) there were three-to fourfold higher levels of 78-kD MBL trimers in HIVE vs non-HIVE cases. These results suggest that MBL could cause neuroinflammation and neuronal injury through the MBL complement activation pathway.
Taken together, emerging evidence indicates that abnormal complement activation takes places, whereas the complement regulation system is downregulated in HIV-1-infected brains (Fig. 3) . The offset balance between complement activation and regulation may contribute to neuronal damage in response to HIV-1 infection (Fig. 3) . However, the role of complement in HIV-1-associated neuropathogenesis remains elusive and further understanding will require in vivo investigation with animal models. Such studies will be challenging due to the lack of suitable small size animal models that completely recapitulate human HIV-1-related HAND. However, the availability of a number of complement-deficient mice may be useful for assessing the role of complement in the pathogenesis of human diseases.
Complement-related therapeutic approaches for the treatment of HIV-1 infections HIV-1 infection leading to AIDS and AIDS-related CNS disease is still a major public health challenge (Beck et al. 2008) . Current active anti-retroviral treatment (HAART), can successfully control plasma levels of HIV-1 RNA below the limits of detection but cannot eliminate HIV-1-infected cells or trace levels of free virions. If HAART is discontinued or becomes ineffective due to drug side effects or development of drug resistance, the HIV-1 contained in stable reservoirs rapidly rebounds and disease progression resumes (Cohen et al. 2008) . Today, we have successfully conquered and eradicated many viral infections and have cured the complications resulting from their infection. Indeed, immunotherapies including therapeutic antibodies for cancer therapy are very promising for the treatment of many cancers such as lymphomas and leukemias. However, we still face unprecedented challenge in developing an effective vaccine to eliminate and eradicate HIV-1 infection. Nevertheless, the development of a preventative vaccine remains the best strategy to control the HIV-1 epidemic and is a public health priority. None of the HIV-1 vaccine candidates have shown significant efficacy in patients thus far (De Rosa and McElrath 2008; Girard et al. 2006; Kutzler and Weiner 2008; Lu 2008; Robinson 2007) . These formidable scientific challenges may be related to the high genetic variability of the virus, the lack of immune correlates of protection, limitations of the existing animal models, and logistical problems associated with the conduction of multiple clinical trials (Letvin 2005; Richman et al. 2009; Walker and Burton 2008) . For these reason, there are clinically unmet needs for novel approaches for the treatment and eradication of HIV-1 infection. Extensive evidence obtained from clinical and experimental studies supports the critical role of complement for therapeutic antibodies or vaccine-based cancer therapy (Zhou et al. 2008; Ge et al. 2011; Hu et al. 2011; Kim et al. 2013; Pawluczkowycz et al. 2009 ). Why can this not be done with HIV-1 infection and HIV-1-related complications such as HAND?
As extensively reviewed above, HIV-1 has also evolved many escape mechanisms to avoid innate and adaptive immunity to fight against HIV-1 infections. Hijacking complement regulators including CD59 from host cells is a major mechanism for HIV-1 to escape complement-mediated lytic attack (Fig. 2) . Therefore, we and others have actively been searching for complement-targeted therapeutics that would sensitize HIV-1 virions or HIV-1-infected cells to the lytic effect of activated complement .
To enhance the efficacy of complement-mediated HIV-1 lysis, Xu et al. (2009) have proposed a new approach that a novel activator of complement, consisting of a target domain (C3-binding region of complement receptor type 2) linked to a complement-activating human IgG1 Fc domain (CR2-Fc), would target and amplify complement deposition on HIV-1 virions.
We have previously reported the development of a recombinant form of the fourth domain of the bacterial toxin intermedilysin (ILY; the recombinant domain 4 (D4) of intermedilysin (ILYd4)), a 114 aa protein that inhibits human CD59 function with high affinity and specificity (Fig. 2) . ILY is a pore-forming toxin that exclusively lyses human cells because it binds with high affinity and specificity to hCD59 but not to CD59 from other species, as reported by Giddings et al. (2004) and confirmed using our hCD59 transgenic mice . Binding of ILY to hCD59 occurs through D4 while the three other domains (D1, D2, and D3) of ILY form the lytic transmembrane pore (Giddings et al. 2004) . As the D4 of ILY binds to a region of hCD59 encompassing its active site (amino acids 42-58) (Giddings et al. 2004; Tweten 2005) , we reasoned that ILYd4 may also inhibit human CD59 activity (Zhou et al. 2008 ). After we demonstrated that ILYd4 indeed inhibits hCD59 function and thereby enhances antibody-activated complement-mediated virolysis of HIV-1, as reported in the 2008 annual meeting of The American Society of Immunologists (http://www.fasebj.org/cgi/ content/meeting_abstract/22/2_MeetingAbstracts/522), we initiated a collaboration with Dr. Yu's group at Indiana University to further investigate the potential application of ILYd4 for HIV-1 treatment .
In collaboration with Dr. Yu et al. (2010) , we further documented that in the presence of ILYd4, HIV-1 virions derived experimentally or primary HIV-1 isolates collected from HIV-1-infected patients became highly sensitive to complement-mediated lysis activated by anti-HIV-1 antibodies present in the plasma of HIV-1-infected individuals . We also showed that ILYd4 together with serum or plasma from HIV-1-infected patients as a source of anti-HIV-1 antibodies and complement did not mediate complement-mediated lysis of either erythrocytes or peripheral blood mononuclear cells (Fig. 2) .
Furthermore, recent studies have also shown that CD59 is incorporated into both cell line-derived and plasma primary HCV virions (a major virus frequently co-infected in HIV-1-infected drug abusers) at levels that protect against complement-mediated lysis (Amet et al. 2011) . The direct addition of CD59 inhibitor, ILYd4, into the plasma from HCV-infected patients rendered endogenous plasma virions sensitive to complement-mediated lysis (Amet et al. 2011 ). These results indicate that inhibition of CD59 activity through its inhibitor such as ILYd4 may serve as a novel agent to abrogate hCD59 function, thereby unleashing the ability of vaccine-or viral infection-induced antibodies to specifically eliminate HIV-1 or HCV virions and infected cells through enhancing complement-mediated virolysis (Fig. 2) (Amet et al. 2011; Hu et al. 2010) . ILYd4 has significant potential as an anti-HIV-1 and HCV therapeutic agent that warrants further testing in animal studies and in human clinical trials.
Conclusions
Complement, a critical mediator of innate and adaptive immunity, plays several diverse roles in the neuropathogenesis of HIV-1 infection. The complement system can be activated in response to HIV-1 infection in the circulation and the CNS through HIV-1 envelope proteins, MBL and anti-HIVantibodies. Paradoxically, complement not only fights against HIV-1 infection but also enhances HIV-1 infection. Complement may also contribute to the pathogenesis of HIV-1-related CNS diseases. However, HIV-1 hijacks complement regulators such as CD59 and CD55 and utilizes these regulators and Fh to escape from complement attack. On the one hand, there may be a delicate balance between complement activation and complement regulations in HIV-1 infection, which may contribute to development of HIV-1 latency and persistence. On the other hand, there may be an offset balance in HIV-1-infected brains, which may contribute to the development of HIV-1-related HAND. It is imperative for us to clearly understand the role of complement in HIV-1 infection and HIV-1-related HAND although in vivo studies in animal models will be a significant challenge due to the lack of appropriate mouse models. Although several approaches have been proposed for enhancing complement activation in HIV-1 infection for the treatment and prevention of HIV-1 infection and HIV-1-related HAND, they still require further evaluation and extensive in vivo investigation.
